Combining transmission of ultra wideband pulses, organized in blocks, with the inclusion of cyclic prefixing pulses yields a pulsewidth periodic signal at the receiver. Although unknown, this signal fits perfectly the diversity exploitive architecture of a RAKE receiver. Aiming to profit from this signal arrangement, we propose a pulse shape modulation system employing a RAKE receiver that estimates this periodic signal during a training interval and uses the estimated values for detection of data symbols. Our proposal relies on the invariability of the multipath propagation channel during the transmission of a UWB packet, the adequate application of the cyclic prefix, and the fact that different transmitted pulses result in different periodic signals at the receiver. This system is equivalent to transforming the multipath nature of the UWB propagation channel into a multichannel digital communications affected solely by additive noise. Our proposal is important because it ameliorates the performance of a pulse shape modulation RAKE receiver. On the other hand, the cost of our proposed system resides in the inefficiencies product of the cyclic prefix inclusion.
Introduction
Pulse Shape Modulation (PSM) is an alternative impulse radio (IR) ultra wideband (UWB) modulation scheme that differs from other systems in the way the information is embedded in the transmitted pulses. PSM is a multi-pulse system where the information is conveyed in the shape of the transmitted pulses, basically, two different pulses represent information bits 1 and 0 and the extension of this idea leads to an M -ary modulation scheme with M pulse waveforms. The interest of the pulse shaping modulation is that UWB pulses are controllable in both frequency and bandwidth and can be made to operate outside of restricted bands such as those reserved for GPS and safety of life systems [1] . Additionally, pulse shape modulation can be combined with other modulation schemes such as pulse position modulation (PPM) [2] in order to increase the data rate of the UWB communications system. Furthermore, flexibility in the frequency domain can be obtained by multiplying the orthogonal pulses time functions by an arbitrary phase shifted siManuscript received March 12, 2008 . Manuscript revised June 6, 2008 . † The authors are with the Graduate School of Engineering, Division of Physics, Electrical and Computer Engineering, Yokohama National University, Yokohama-shi, 240-8501 Japan a) E-mail: alex@kohnolab.dnj.ynu.ac.jp nusoid [3] . Even more, orthogonal multipulse modulation is more appropriate for power efficient communication where the energy per bit required to achieve a given error rate can be lowered with increasing values of the size of the symbol alphabet [4] . However, pulse shape modulation has not been considered an attractive modulation scheme for UWB communications because of its poor performance obtained with conventional RAKE receivers. The overlap of pulses due to the intrapulse interference will lead to severe loss of orthogonality and thereby, it is thought, render any PSM system useless [5] . Moreover, there are other sources of performance detriment such as jitter and synchronism. Traditionally, cyclic prefixing is employed in OFDM systems to avoid inter-block interference (IBI), and because of the cyclic prefix, the transmitted signal becomes periodic and the effect of the time-dispersive multipath channel becomes equivalent to a cyclic convolution. On the other hand, it is well known that the introduction of cyclic prefix brings underutilization of transmission time and power, but the cyclic prefix can be used for timing and frequency acquisition in wireless applications [6] .
Cyclic prefix has been employed in UWB communications systems different from OFDM in [7] and [8] . In both cases, BPSK is employed as the modulation scheme, and the system relies on frequency domain equalization even though detection is carried out later in time domain. Different from these proposals, our system employs PSM and is fully deployed in time domain by a RAKE receiver whose fingers perfectly match the pulsewidth periodic received signal. However, the shape of such periodic signal is unknown at the receiver. Therefore, we propose to perform received signal estimation by decomposing the incoming periodic signal onto an orthogonal set of signals, completely or partly, available from the transmitter side. These estimated values are employed later to design suitable receiver templates.
Received signal estimation relies on the invariability of the channel impulse response during the transmission of a UWB packet [9] , and adaptive receiver templates generation for UWB communications has been already addressed in the available literature. A synthesized template generation method using several elementary waveforms instead of the conventional matched filter technique is analyzed in [10] . The syn-thesis of a UWB template waveform can be achieved as combination of orthogonalized elementary waveforms with Fourier coefficients, where channel estimation is achieved by a training sequence of pilot symbols. An adaptive, pilot aided RAKE receiver for UWB communications, which estimates the received signal using projections onto a Hadamard-Hermite subspace, is proposed in [5] . By exploiting the orthogonality of that subspace, it is possible to decompose the received signal so as to better match the template waveform, therefore, the dimension of the received signal is effectively increased allowing for adaptive correlator template output. These proposals can be directly applied to our system with the advantage of being applied to a perfectlyresolvable equal-gain periodic signal, which is only affected by additive noise.
In summary, the advantages of our proposal are: a) the cyclic prefix introduction produces pulsewidth periodicity in the useful part of the received signal, which makes it possible to take advantage of resolved signal diversity. b) It is possible to discriminate one pulse from the others in a set, because different transmitted pulses result in different received ones. c) Timing mismatching, product of the system synchronization, can be tolerated to some extent given the periodicity of the received signal. d) The complexity of channel estimation is avoided. On the other hand, besides the disadvantages for including the cyclic prefix already mentioned, our RAKE receiver is complex since many correlators per finger are required, although, it can be replaced by a bank of matched filters, sample their outputs at the pulse rate and accumulate during the useful time interval. Moreover, the receiver templates are estimated from noisy, although periodic, training signals. Furthermore, the received signals are not orthogonal to each other, and the process of making them orthogonal for detection reduces its performance compared to an ideal orthogonal PSM system. The proposed system is also applicable to other modulation schemes, such as binary phase shift keying (BPSK) (also called antipodal binary pulse amplitude modulation (BPAM)), however, our main concern is pulse shape modulation (PSM) and some other schemes can be seen as particular cases or extensions of the proposed system.
Other widely known sources of distortion for the UWB received pulses are the nonlinearities of most of the transmitter and receiver UWB antennas, although not dealt with in this paper, received signal estimation permit us to indirectly address these effects.
In order to focus in the main proposal of this paper, we assume that operations take place after synchronization between transmitter and receiver has been achieved, and the receiver knows when the training signal for the nth pulse is transmitted. Additionally, it is assumed that the channel delay spread is known at the transmitter and the receiver. Furthermore, a single user environment is assumed.
Although any set of pulses can be used as a base set, in this paper we employ Hermite pulses because they are closely related with Gaussian pulses [11] and they are well suited for numerical analysis as well as algebraic manipulation.
The contents of the remainder of this paper are organized as follows: In section 2, the proposed system is theoretically described, while in section 3, simulation results are presented and essential points are discussed. At the end, remarkable conclusions are derived from this report.
System description

Transmitted signal
Let us assume a system where a set of N pulses are arranged into an M -ary PSM UWB communications system. These pulses are not required to be orthogonal from the transmitter viewpoint because this property is most likely to be lost in the received signal due to distortions in the communication link. However, they are required to hold this property for the receiver to estimate the incoming signals. In addition, let us assume that our system is composed by the first N Hermite pulses, which are defined as
where H n (t) is the Hermite polynomial of order n. Further describing details and properties can be found in [12] , [13] and [14] , among other available literature. The transmitted symbol is composed by D data pulses and P cyclic prefixing pulses. Successive pulses are separated by the chip time interval T c , which is assumed equal to the system pulsewidth † . Then, the transmitted symbol of the nth Hermite pulse is defined as
Even though the description of the UWB channel model in [9] is more detailed, for our purposes, the channel impulse response can be simplified as
where a k and t k are the amplitude and time delay of the kth multipath component respectively.
Received signal
Let us define the noiseless received signal of a single transmitted pulse as
where * denotes the convolution operation. Since the cyclic prefix inclusion technique works properly when the length of the cyclic prefix pulses interval is equal or greater than the channel maximum delay spread, lets us divide the received signal y(t) into P + 1 intervals with duration equal to the chip time T c , and denote the pth component by y p , where p = 0, ..., P . The P + 1 components of the received signal product of the propagation of the bth pulse in a frame, where b = 1, ..., B and B = P + D, are represented by the columns of matrix Y in equation (5) . Therefore, matrix Y can define the noiseless received signal of the complete frame if its rows represent the T c -width consecutive intervals in which the continuous time has been divided, and the columns stand for the B transmitted pulses per frame. 
Matrix Y is a Toeplitz matrix and the submatrix, which is of our interest, formed by rows s = {s|P + 1 ≤ s ≤ B} is a cyclic (or circular) convolution matrix [15] . The received signal in each row s is defined as
This periodic signal is adequate for detection by a conventional RAKE receiver where the fingers are spaced in time by the chip time interval T c . It is worth to note that from a frame of B pulses which conform a transmitted symbol, the time interval corresponding to the cyclic prefix pulses (P in our case) are ignored by the receiver, this is evident from the definition of s.
Symbol energy
The Hermite pulses, as defined in (1), have unity energy, however, the noiseless received signal described by (4) and the elemental, pulsewidth-periodic received signal Y s have different energy for different pulse order n. Therefore, in a correlation-based receiver that employs maximum likelihood detection, these differences lead to non-equal probability of detection and high error rate is expected. Although the case of non-orthogonal, unequal energy multipulse modulation has been studied in [4] , in this paper, we assume that the energy of the elemental periodic received signal Y n s , for every pulse order n, is estimated at receiver and feed-backed to the transmitter. Then, the transmitter can modify its nth transmitted pulse energy in order to obtain
) at the receiver, where E(.) is the energy computing function. In consequence, let us define the nth energy-modified Hermite pulse as (7) whereB n is the required nth transmitted pulse energy to achieve equal-energy Y n s components at the receiver. These energy modifications need to be updated periodically and can be calculated concurrently with the received signal estimation, which is the topic of the next section.
Received signal estimation
Since Y s is unknown at the receiver, exploiting the invariability of the UWB propagation channel during the transmission of a UWB packet [9] , we propose to estimate Y s for each of the pulses in the set and employ these estimated values later for detection. The estimation process is carried out by decomposing the training signals into a set of orthogonal signals, which in our case are the Hermite pulses that are available at the transceiver. As stated in the introduction of this paper, received signal-shape estimation and adaptive template generation has been studied in [10] , and employing a different set of orthogonal signals in [5] . Therefore, description of this system is kept to the minimum and the interested reader is referred to the mentioned reference papers for further details.
Let us define the N × J matrix A with elementŝ a i,j , where i = 0, 1, . . . , N − 1, j = 0, 1, . . . , J − 1, and J ≥ N indicates that the number of signal decomposing pulses at the receiver can be equal or greater than the modulation order N .â i,j are the estimated values of the crosscorrelation between the Y i s received signal component, product of transmitting the ith Hermite pulse, and the jth Hermite pulse template. It is expressed mathematically aŝ
where Q is the number of training symbols per pulse in the set, and z s is a N 0 /2 two-sided power spectral density, additive, white and Gaussian noise.
Number of training symbols
The Q components
dt from whichâ i,j is averaged are statistically independent and identically distributed random variables, each having a finite mean m s and a variance σ 2 s . Therefore, the estimated valuesâ i,j are normalized sums and are called the simple mean [16] . Its mean E(â i,j ) = m s , where E(.) is the expectation operator, and its variance σ 2 a = σ 2 s /Q. Then, it is worth to note thatâ i,j 's expected value is m s , and its variance decreases inversely with the number of training symbols Q, and as Q approaches infinity, the variance σ 2 a approaches zero [16] .
Non-orthogonal detection
Information symbols are transmitted right after the training ones, and in that case, the output of the RAKE receiver combiner is given by (9) where the number of fingers is set to D(= B − P ).
Therefore, the detected symbol is defined aŝ
where g i is defined as
Conversion to orthonormal detection
Assuming that the signal processing at the receiver allows it, we can generate sets of receiver templates for which the output of the correlators are orthonormal. The received signal result of transmitting the ith Hermite pulse is estimated at the receiver by decomposition onto a J dimensional Hermite pulses space, it can be approximated aŝ
Then, let us define by matrix U the crosscorrelation among the N possible received signals and the N signals approximated at the receiverŶ i s . Disregarding the diversity terms and the additive noise component in equation (8) , it can be expressed as
where Y s is an N × κ matrix,Ŷ s is a κ × N matrix, and κ is an irrelevant variable representing the number of samples, which in continuous time is infinity and is included only for explanation purposes. Assuming that U is invertible, let us define U −1
as the real part of U's inverse matrix. Then, equation (13) becomes
where I is the N × N identity matrix, and equation (14) can be thought as the correlation operation of an othonormal system where the set of received signals are arranged in Y s and the set of receiver templates are defined by (Ŷ s × U −1 ). The pulsewidth receiver templates are individually defined as
where u i,n is the (i, n) element of U −1 . In this case, the detected symbol is given bŷ
Theoretical error rate
The resulting pulsewidth periodic received signal is better described as a multichannel communication system, with equal channel parameters (amplitude and phase) [16] , affected solely by AWGN. Let us analyze the case for coherent detection of M -ary orthogonal signals. Coherent detection is interesting because it does not suffer from any loss caused by the division of the received symbol energy into D channels, as the non-coherent receiver does [16] , and a coherent receiver can be easily attained in our proposed system. Even more, with a coherent receiver, our M -orthogonal system can be extended to a 2M -ary biorthogonal communication system. A biorthogonal system is attractive in UWB communications because it smoothes the UWB spectrum and lowers the average transmitted power spectral density. Assuming ideal estimation of the equal D-channels parameters and ideal design of the receiver templates, the symbol error rate in function of the useful received signal energy to noise ratio is equal to the single channel M -ary orthogonal signal case, given by [16] as
where the total useful received symbol energy E 
Equation (18) implies that the energy required to obtain a certain error rate is 10 log(µ)dB higher than the one obtained with equation (17) . For example, if D = P , then µ = 2 and the energy required to achieve certain error rate is 3dB higher than the one obtained with equation (17).
Discussion and simulation results
Cyclic prefix length
The cyclic prefix can be exploited in our proposal only if its length is equal or greater than the UWB channel maximum delay spread. The maximum delay spread for the channel models reported in [9] and [17] are shown in Fig. 1 , where LOS and NLOS stand for line of sight and non-line of sight respectively. From the viewpoint of minimizing power and transmission time underutilization, it is our interest to have P as short as possible. Therefore, the industrial LOS environment would be the best for our system operation, but its NLOS counterpart has a maximum delay spread that is many times longer, invalidating the LOS advantage. Considering both, the LOS and NLOS situations, the best environment for our proposed system is the indoor environment for 0m − 4m from [9] ; they are denoted as CM1 and CM2 respectively. On the other hand, the worst environment for the application of our system is the outdoor environment defined in [17] .
Data frame length
Many criteria can be used to set the optimum value of D and P . From the viewpoint of jointly maximizing the theoretic symbol rate and the power efficiency, we can draw the following deduction. Let us define the theoretic symbol rate as 1/[(D+P )T c ] and after normalizing it by P × T c , let us plot it in Fig. 2 in function of the ratio D/P . It is observed that the larger the value of D, the lower the data rate. On the other hand, the transmission power efficiency is defined by D/(P + D), which accounts for the transmission power loss of the cyclic prefix, is also depicted in Fig. 2 Fig. 1 Maximum delay spread for the channel models in [9] (upper four values) and [17] (lower nine values) calculated at −40dB limit of the power delay profile.
having larger values of D is more power efficient for our proposed system. Therefore, combining these two factors, the optimum value of D = P can be found as the intersecting point in Fig 2. It is worth to mention that the symbol rate is also reduced by a factor equal to D/(P + D) because of the introduction of the cyclic prefix [18] . From the receiver viewpoint, D is directly related to the number of fingers in our RAKE receiver. Therefore, there can be three scenarios for setting the value of D. The first one is to have unlimited number of fingers and set D in agreement with Fig. 2 to ensure optimality according to that criterion. The second one is to have a fixed number of fingers and set D equal to that number of fingers disregarding the stated optimality criterion. The final scenario is to have a fixed number of fingers and set D in accordance to our optimality criterion only when P is less or equal to this number of fingers, and set D in agreement with the second case otherwise.
It is worth to mention that the transmission power is quantified in Fig. 2 as the number of transmitted pulses, however, transmission of UWB pulses consume very low power due to UWB emissions regulations and the shortness of its pulsewidth. Therefore, the given power efficiency is meaningful for a constrained power terminal, but not for a quasi-infinite power transmitter. Otherwise stated, finding the adequate value of D depends on many factors, which should be evaluated for specific applications.
Error rate evaluation
Except for section 3.3.4, the results provided in this section consider only the periodic part of the received signal, however, the transmitted energy can be taken into account by using equation (18) . 
Amplitude
Power efficiency Normalized Symbol rate Fig. 2 Power efficiency and normalized symbol rate for the proposed system, the optimum data block length is found from the intersection point of both curves.
Non-orthogonal detection
For the non-orthogonal case, the performance depends on the Euclidean distance between the signals in the space and the quality of the synthesized template at the receiver. While the first characteristic is conditioned by the multipath components distribution in time and their amplitudes, the second one is determined by the number of pulses employed in the receiver othogonal set. The average square error, result of crosscorrelating the synthesized signal with the received signal, for a binary PSM UWB system is depicted in Fig. 3 , wherein the error decreases with the increment of pulses in the receiver's set. The average square error is calculated by
where H is the number of realizations from the channel model, N is the modulation order andŶ
s , defined by (12) for channel realization h, includes the number of pulses employed in the received signal decomposition and synthesis process. The bit error rate against the signal to noise ratio per bit, for a binary PSM UWB communications, is plotted in Fig. 4 , where noiseless estimate of the received signal components onto the assumed orthonormal signal space is assumed. Detection is carried out according to equation (10) with simulation parameters defined in Table 1 . The theoretical performance of binary orthogonal PSM over AWGN channel is also plotted for comparison. As expected, better performance is obtained with a higher number of pulses in the estimation process; however, besides increasing the number of correlators per finger, the Hermite pulses property of increasing their pulsewidth along with their pulse order becomes significant. The nth Hermite pulse pulsewidth normalized by the 0th Hermite pulsewidth is approximately given by pw(n) = 1.875 * ln[(n + 1) + 5.724] − 2.543, therefore, although meaningless for close order pulses, the pulsewidth difference is significant for distant order pulses. It means that the system pulsewidth should be increased if very high order pulses are used at the receiver. This problem could be alleviated by employing a different set of pulses such as the ones defined in terms of truncated sine and cosine signals [19] , whose pulsewidth remains constant regardless of the pulse order. For higher modulation orders, higher error rates are expected because the Euclidean distance in the signals space becomes shorter. Moreover, they are not equally spaced, and consequently, they are not equally probable. For these reasons, only the binary case is presented with the aim of setting a comparison point with our proposal in the next section. Fig. 4 Bit error rate for a binary non-orthogonal PSM system, with different number of pulses employed in the received signal estimation process. The theoretical BER for binary orthogonal PSM is also plotted for comparison.
Orthogonal detection
The bit error rate performance for a binary PSM UWB communications system, whose detection method is defined by equation (16) and simulation parameters are given in Table 1 with the modifications and additions  of Table 2 , is plotted in Fig 5. Similar to the binary non-orthogonal detection case, the BER performance is improved when a higher number of pulses is employed for received signal estimation. It can also be appreciated that the BER performance obtained with CM1 is better than the one obtained with CM2. The theoretical BER is also plotted for comparison.
Similarly, results of computer simulations employing a 4-ary PSM UWB communications system, using the parameters listed in Table 1 with modifications and  additions listed in Table 3 , are depicted in Fig. 6 , where different number of training (pilot) symbols for received signal estimation purposes are evaluated. In addition, the theoretical BER is also plotted. As expected, the higher the number of pilot symbols, the better the BER performance of the 4-ary system. Different from the binary orthogonal detection case, the BER performance achieved with CM2 is better than the one obtained with CM1. Even though our algorithm makes the detection orthonormal, the similarity between the received signals from different transmitted pulses is of great influence. To prove our point, we calculate the maximum crosscorrelation average (MCA) values between a pulse in the set with the other N − 1 pulses. It is mathematically defined by Fig. 5 Bit error rate for a binary PSM UWB system with orthonormal detection, where two and four pulses were employed in the received signal estimation process and evaluated through channel models CM1 and CM2. The theoretical BER is also plotted for comparison. where n = 0, . . . , N − 1, n = i and , defines the crosscorrelation operation between the two operators. The results are depicted in Fig. 7 , where it is evident that the MCA is lower for CM1 in he binary case and lower for CM2 in the 4-ary case. Therefore, a binary system performs better with CM1 while a 4-ary system is better with CM2.
Conventional PSM RAKE receiver
Let us outline the design issues of a PSM RAKE receiver based on conventional principles: a) conventionally, the receiver templates match the transmitted pulseshapes. b) Since the information is in the pulseshape, a PSM RAKE receiver cannot allocate consecutive fingers delayed by a pulsewidth, because correlation with unresolvable or time-mismatched multipath components would result in erroneous information delivered to a maximum likelihood detector. c) The only suitable option is a selective RAKE receiver, whose fingers adaptively match the selected multipath components that have energy greater than a threshold and are Bit error rate for a 4-ary PSM UWB system with orthonormal detection, where eight pulses were employed in the received signal estimation process. The influence of four, ten and twenty-five pilots symbols are evaluated through channel models CM1 and CM2. The theoretical BER is also plotted for comparison. resolvable at the same time. d) The previous condition implies the necessity of accurate channel estimation. Search for such multipath components, evidences the detrimental effect of the multipath propagation channel on the transmitted pulseshape, the number of such components is very low and inexistent for some channel realizations. In order to increase the collected energy for detection, some pulse overlapping can be allowed; however, the problem remains even with this relaxed condition. Aiming to quantify this problem, we calculated the number of channels, out of one hundred realizations of CM1 and CM2 [9] , for which the required multipath components are nonexistent. The employed parameters are as follows: pulsewidth equal to 1ns with seventeen samples per pulse, which results in a minimum sample time for the channel realizations equal to 0.0632ns. Additionally, the best threshold has been found heuristically with the criteria of minimizing the number of channel realizations with nonexistent resolvable components for some degree of pulsewidth overlap, and maximizing the average number of resolvable multipath components out of the one hundred channel realizations. These thresholds are set to 0.05 the maximum amplitude component for CM1 channel realizations and 0.1 for CM2. Fig. 8(a) illustrates the number of channel realization for which no resolvable components were found. While with CM2 zero channels can be obtained with at least 18.75% of pulsewidth overlap, it requires 50% of overlap when CM1 is employed. On the other hand, Fig. 8(b) depicts the average number of resolvable components over the one hundred channel realizations, although it increases with the allowed pulsewidth overlap, it is a small number, and CM2 gets again better conditions. This is because CM2 has a wider delay spread (see Fig. 1 ) and its multipath components are sparse in time.
Further analysis can show that these numbers of resolvable multipath components are dependent on the pulsewidth; the wider the pulse, the less the number of resolvable multipath components obtained from the channel models reported in [9] .
Aiming to compare our proposed system with the RAKE receiver described in this section, the bit error probability of a binary system is illustrated in Fig. 9 . The structure of our proposed RAKE receiver is similar to a conventional one because its fingers are spaced in time in a pulsewidth duration and can be replaced by a matched filter; it is different because our system employs equal to or more than N correlators per finger in addition to the signal processing after this process. The employed proposed system in this section is the one with orthogonal detection and four pulses at the receiver that is depicted in Fig. 5 . Additionally, we evaluate the bit error rate of a binary PSM impulse radio that employs our receiver with four pulses for signal estimation and orthogonal detection. We also assume that this system is free of inter-symbol interference. In consequence, the received signal in each finger is different in shape, and our proposed algorithm needs to be applied per finger. The output of the correlators can not be combined for the same reason, and detection is also performed per finger. For combination purposes, we accumulate the (previously estimated) energy of each finger in the detected symbol combiner, and the final detection is a maximum likelihood process among the accumulated energy in the N combiners. It is worth to note that although the number of resolvable multipath components is higher with CM2, the performance of the conventional PSM RAKE receiver is better with CM1, because the accumulated energy from the resolv- Fig. 9 Bit error rate comparison between our proposed system, our proposed receiver applied to an impulse radio transmission system, and a conventional RAKE receiver.
able components in CM1 is higher than the one with CM2. It is also noteworthy that the PSM IR system evaluated through CM1 outperforms our proposed system for low values of signal to noise ratio because the employed detection and combination methods enhance the differences between the shapes of the two symbols received signals.
Received signal energy
In section 2.4 we assumed that the transmitted pulses energy is modified in order to obtain equal-energy sig- nals at the receiver. In this section, we evaluate the error performance of a binary system without any modification in the transmitted symbols energy. The results are shown in Fig. 10 , where the bit error rate is plotted against the average bit energy to noise ratio. For comparison, the binary case with equalized energy obtained in section 3.3.2 is also illustrated. The equalized energy case outperforms the non-equalized energy one, especially for higher values of signal to noise ratio.
BER and pulsewidth dependency
Finally, the bit error rate dependency on the system pulsewidth has been explored with the binary PSM system employed in section 3.3.2. The BER obtained with 1ns, 1.5ns and 2.26ns are illustrated in Fig. 11 . No defined rule can be extracted although some results show a tendency to BER deterioration with wider pulsewidth systems.
Conclusions
In this paper, we propose to add cyclic prefixing pulses to block transmission of UWB pulses in order to obtain a PSM system which is not severely affected by the multipath propagation channel. In our proposal, the received periodic signal allows optimum diversity exploitation by a RAKE receiver. In addition, received signal estimation during a training interval is necessary, which is a simpler task compared to channel estimation. Improved performance is achieved by defining templates that makes our detection system orthonormal, and BER performance depends on the number of pulses employed for signal estimation at the receiver and the number of pilot symbols employed for that purpose. The cost of introducing cyclic prefixing pulses is well known and it is expressed terms of power ineffi- ciency and lower data rates. 
